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Current crisis in direct detection of dark matter via nuclear recoils
“The neutrino fog”
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A directional detector should be able to “see through” the neutrino fog

The DM flux on Earth is highly anisotropic and should align with our galactic rotation
— a highly characteristic signal that is not mimicked by any background, and is robust
against particle-model and astrophysical uncertainties
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[2008.12587]

CYGNUS: Feasibility of a nuclear recoil observatory with directional sensitivity to dark
matter and neutrinos

E. Vahsen,! C. A. J. O’'Hare,? W. A. Lynch,®> N. J. C. Spooner,® E. Baracchini,* ®>°¢ P. Barbeau,”’
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S.
J.

2020 CYGNUS paper discussed the ’CYGN US-Nm3 CYGNUS-10 m3 module
feasibility of making a directional ]

DM /neutrino observatory at the
>10 m° scale (potentially up 1000 m>
and beyond)

Compared the cost per physics
potential of different readout

technologies, keeping all other

| Vessel

quantities (i.e gas properties) fixed. i i

Drift direction ——




Vahsen, CAJO+ [2008.12587]

Cygnus: projected sensitivity

SD WIMP-proton cross section [cm?]

;0—35__ I

CYGNUS X 6 yrs
|

* 10 m3: world leading DM limits

|

'0—47

10—30 |-

- e (assuming using gas that

8:2? contains 19F)

104

- * 1000 m3: enter neutrino tog

-0

o~ * 100k m3: competitive with late-
;8:42 stage xenon experiments

===~ Single electron threshold: 0.25 keV, [755:5 Torr He:SF|
—— Worst-case threshold: 6 keV, [755:5 Torr He:SF]

(DARWIN)

10718 e Search mode: 6 keV, [1520 Torr SF|
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Key issue: performance of low energy (<10 keVr) nuclear recoil track reconstruction

S. Vahsen

@ Initial track
@ After diffusion

T True recoil dir.

20.07

24.97

T Straggled recoil dir.



What is required to clear the neutrino fog?
(see our review [2102.04596] and Snowmass WP [2203.05914] for reasoning)

¢ Anglﬂal‘ resolution <30° [f you don’t achieve these then directionality
» Correct head/tail >75% of the time ¢ 2ddsnothing to the sensitivity

: , (in the context of the v fog)
» Fractional energy resolution < 20%

And achieved...
» At the level of individual events

* In as high a density target as possible

* Below <10 keVr
» With a timing resolution better than a few hours

All arrows point towards:
1. “Recoil imaging” Gas TPCs with MPGD readout (over other proposals in the field)
2. Specifically 3D, high-definition, electronic readout, using NID



HD TPC performance studies

Final goal for high-definition imaging of recoils in 3D, meeting low-energy
performance goals may not be so far away...

i] E=40keV_ p=87%
1] E=29keV_ p=68%
> [ii] E=19keV_ p=60%
[iv] E=42keV_ p=79%

[v] E=55keV_ p=73%
[vi] E=95keV_ p=>99%
[vii] E=85keV__ p=96%

—+— G ~ 13,000 (Etruth)
.- G~13 000 (Ereco)

—— G ~ 900 (Eutn) |
b G ~ 900 (Ereco) J

lllll

13579 13 17 21 25 29 33 37 41 45 49

Etruth [ kevr ] ’

Ereco [K€Vee]

CNN reconstruction of neutron-induced He recoils in BEAST TPC
J. Schueler, S. Vahsen (U. Hawaii)




In the meantime turn a background into a signal: CEvNS physics case

— CEvUNS one of the least well-studied neutrino interactions
— recoil imaging detector in conjunction with neutrino beam could be used to measure it.
— Increased background rejection against non-neutrino sources, as well as for searches for BSM interactions
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Originally pursued by vBDX-DRIFT collaboration [2103.10857] and under discussion
with Oakridge to place 1 m3 TPC at SNS



Directionality in MPGDs, beyond nuclear recoils

MPGDs can measure and distinguish electrons and nuclear recoils.
Physics case should clearly be expanded to include electron recoils

25.0 1 E\e

24.97
24.07

oz 0
' 0.0
—0.5 « \Cm\

Vahsen, CAJO, Loomba [2008.12587]



Electron and nuclear recoils

Solar neutrinos can scatter off electrons and nuclei — gas detectors have both!

E,?O% [keV]
103 102 101 100 101
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101 102 10°

Solar neutrinos
High-Z B16-GS98

pep




Solar neutrinos

Recoil energy-angle spectrum: (£,, cos 0;)
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Given known direction to the Sun, directional
information allows one to reconstruct the
neutrino energy spectrum event-by-event
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What can directional give you: Empirical flux reconstruction

1014_||| | | T T T 1T | T T T T 11 ]

Time: 6 years v Flux * O(10) m3 accesses only pp
He:SF,, at 755:5 Torr 10 m° (7 events)

Eg, =5 keV 100 m? (77 events)
i B 1000 m? (774 events) B ° 0(100) m3 accesses PP, 7Be/ CNO

1 *0O(1000) m3 access all fluxes except hep

1  To do this precisely need to achieve
similar performance, O(10 deg.)
angular resolution and O(10%)
energy resolution, on electrons.
Probably less demanding on head/
tail as background can be measured
in side-bands

2811 L1
10 0 10V

E, [MeV]



Applied physics: The Migdal effect

Emission of a low-energy electron

during an almost immeasurably low-
Migdal energy nuclear recoil
electron

— Dark matter experiments like

XENON are using this to lower their
reach to extremely small DM masses

Light DM

— But the neutral Migdal effect from
NRs has never been measured



Measuring the Migdal effect using
neutrons and an O-TPC

En=14.7 MeV
10> n/s in the active region

DT generator

&4

Arajo,....CM,etal |7/ a

(MIGDAL) *\. ’
arXiv:2207.08284 |MIGDAL

| J

Will also run
with DD
generator
(see next talk)
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Slide credit: Chris McCabe @ IDM



R&D directions

Use of negative ion drift in Scalable readout 1 end
MPGDs electronics Optical readout

SF¢ gas properties CYGNUS-Nm3

(a) Gas gain (b) Fiducialization
i %Fe spectrum 1T .
.t in 30 Torr SF Pure CF, (150 Torr)
[ 0.8}
150k 0.7} .
» 150k )
@ UL Z 0.6}
S S
] [ £05 150
o 100} S
! = 0.4f
[ 0.3}
50 I -
: 0.2l gp -~
[ 0.11 \ E -
0 0 A ! —~ =
Charge (arb. units) 2000 2200 2400 -
Time (us)
(c) Low drift velocity (d) Thermal diffusion
: ! L : 15 H H H H T
: \
ol B |
6 Lo | :
(7] e ‘ 6 © o: © : 45
- : i x IS ; iV | :
N5 L S B N P T = E o751 _ A
5 REE ; r | Al
D 0.5 = 0.5H-=--Thermal ; 2 T 9
. AR LA o SF 20 Torr| 50 100 150 200 250 300 350 400 450 S00
. AR | Vessel e
DaBL i TR TR S S5 45 18 58 SO 0.25} SF 30 Torr : : : X (pxels)
' : s SF 40 Torr| : % D Neutron--gamma shielding
0.4 B % 200 400 600 800 1000 1200
10 EN (107 Vem?) 10 Electric Field (V/cm)

A critical issue will therefore be to develop next-generation MPGDs that retain sufficient
avalanche gain with negative ion drift gases, so as to count individual electrons above the noise
floor while keeping cost low-enough for eventual scale-up



2020 2025 2030 2035 2049

Dark
matter
Neutrinos = R&D into 1 m? 10 m* TPC at LBNF E ROugh ]. O 20 year
Xl negative ion drift e Constrain new physics contributions to CEvVNS :
g E TPC and e Measure sin® @y, ; ° o o
Nga backgrounds e Probe neutron distribution inside nuclei. E tl I I I ellne ln place
BSM See arXiv: [220305914]
physics
for more
Other E
physics :
Detector E
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MPGD requirements needed to achieve ambitious physics case for dark
matter, neutrinos and BSM:

— High signal-to-noise electronic readouts with O(100 #m°) voxel size. Energy threshold /resolution
should be driven towards ultimate theoretical limit of a single primary electron (~30 eV deposit)

— Reconstruction of nuclear recoil vector directions with an angular resolution better than ~30° and
>75% correct head/tail recognition. Modern machine learning techniques for track reconstruction
should be investigated to achieve these at ~6 keVr energies and below.

— Excellent particle ID and track reconstruction on both electrons and nuclei down to O(1) ke Vr
energies, essential for detecting DM inside neutrino fog, and solar neutrino-physics studies

— Significant radio purity reduction.

— R&D into the use of negative ion drift gas mixtures in both electronic and optical readout MPGDs, as
well as experimental validation of SF, in larger scale TPCs.

— Scalable readout electronics systems suitable for the O(m?) readout planes at a reasonable cost.
Highly multiplexed DAQs utilizing programmable, topological triggers will be key for cost reduction.
Ultimately mass production will be needed



